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(57) Abstract: An elecirolylic cell and a method ol* electrolylically reducing a metal oxide (such as lilania) in a solid slate arc 
disclosed. The electrolytic cell includes (a) a molten electrolyte, (b) a cathode in contact with the electrolyte, the cathode being 
formed at least in part from the metal oxide, and (c) a molten mctaJ anode (such as silver or copper) in contact with the electrolyte. 



wo 02/083993 



PCT/AU02/00457 



- 1 - 

ELECTROLYTIC REDUCTION OP METAL OXIDES 

1. Field of the Invention 

5 The present invention relates to electrolytic 

reduction of metal oxides « 

2. Background of and Prior Art to the Invention 

10 The present invention was made during the course 

of an on-going research project on the electrolytic 
reduction of titania (Ti02) carried out by the applicant. 

During the course of the research project the 
15 applicant carried out experimental work on an electrolytic 
cell that Included a graphite crucible that formed an 
anode of the cell, a pool of molten CaCl2 -based electrolyte 
in the crucible, and a cathode that included solid 
titania. 

20 

The CaCl2-based electrolyte was a commercially 
available source of CaCl2, namely calcium chloride 
dihydrate, that decozxqposed on heating and produced a very 
small amo\int of CaO. 

25 

The applicant operated the electrolytic cell at a 
potential above the decon^osition potential of CaO and 
below the decomposition potential of CaCl2. 

30 The applicant found that the cell could 

electrolytically reduce titania to titanliun with very low 
concentrations of oxygen. 

The applicant does not have a clear understanding 
35 of the electrolytic cell mechanism at this stage. 

Nevertheless, whilst not wishing to be bound by the 
co2nments in this paragraph, the applicant offers the 
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following comments by way of an outline of a possible cell 
^ mechanism. The applicant believes that operating the 
experimental electrolytic cell above a potential at which 
the CaCls -based electrolyte partially decomposed had the 
5 result of producing Ca'*"*' cations that migrated to the 
vicinity of the titania in the cathode and provided a 
driving force that facilitated extraction of 0'" anions 
produced by electrolytic reduction of titania to titanium 
in the cathode. The applicant also believes that the O"' 
10 anions, once extracted from the titania, migrated to the 
anode and reacted with anode carbon and produced CO and 
released electrons that facilitated electrolytic reduction 
of titania to titanium in the cathode. In addition, the 
applicant believes that carbon in the anode reacted with 
15 Ca** cations and produced a conqplex calciixm carbide* The 
experimental worked carried out by the applicant produced 
evidence of Ca metal in the electrolyte. The applicant 
believes that the Ca metal was the result of 
electrodeposition of Ca"^*^ cations as Ca metal on 
20 electrically conductive sections of the cathode and that 
at least part o£ the Ca metal dissolved in the electrolyte 
and migrated to the vicinity of the titania in the cathode 
and participated in chemical reduction of oxides. 

However, notwithstanding that the cell could 
electrolytically reduce titania to titanium with very low 
concentrations of oxygen, the applicant also fotind that 
there were relatively significant amounts of carbon 
transferred from the anode to the electrolyte and to the 
titanium produced at the cathode under a wide range of 
cell operating conditions. Carbon in the titanium is an 
undesirable contaznineuzt. In addition, carbon transfer was 
responsible for low energy efficiency of the cell. Both 
problems are significant barriers to commercialisation of 
electrolytic reduction technology. 

The applicant carried out esqperimental work to 
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identify the niechanism for carbon tr6uasfer and to 
determine how to siiniznise carbon transfer and/or to 
minimise the adverse effects of carbon transfer. 

5 3. Sximmary of Invention 



Broadly, the invention resides in replacing the 
carbon anode with a molten metal anode. 

According to the present invention there is 
provided an electrolytic cell for electrolytic reduction 
of a metal oxide in a solid state, which electrolytic cell 
includes (a) a molten electrolyte, (b) a cathode formed at 
least in part from the metal oxide in contact with the 
electrolyte, ctnd (c) a molten metal anode in contact with 
the electrolye. 

Preferably the metal of the molten metal anode 
has a relatively high saturation level for oxygen at the 
20 operating temperature of the cell. 



10 



15 



Preferably the metal is chosen such that its 
melting point is within the operating tenperature ranges 
of the electrolyte. 

25 

Preferably the melting point of the metal of the 
molten metal anode is higher than the melting point of the 
electrolyte and lower than the vaporisation and/or 
decomposition temperature of the electrolyte in order to 
30 prevent electrolyte consumption and removal through 
vaporisation. 

Preferably the metal of the molten metal anode 
has a very low solubility in the molten electrolyte at the 
35 cell operating teinperatures , as high solubility is 
detrimental because the anode metal will deplete and 
deposit on the cathode. The latter might not be a serious 
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problem where there Is low solubility and reactabllity o£ 
the metal with the cathode metal at the operating 
temperature . 

5 Preferably the metal of the molten metal anode is 

silver or copper. 

The solubility of oxygen in the Ag-0 system at 
lOOO^C is around 0.32% by weight. Ag has a melting point 
10 of 960**C, which is about 300 to 100°C above the melting 
point of alkali and alkaline earth halides that provide 
suitcd)le electrolytes. 

The solubility of oxygen in the Cu-0 system at 
15 1100°C is 0.39% by weight. The melting point of copper is 
1083°C, which is well below the boiling points of the above 
mentioned electrolytes • 

Preferably the electrolytic cell further Includes 
20 a means for removing oxygen that has diffused into the 
molten metal anode from the cell. 

Such an ^^oxygen scavenging pump" means Cem. have a 
number of different forms. 

One option includes a duct that communicates with 
the molten metal anode and a device to create a partial 
pressure reduction between the molten metal anode and a 
head of molten metal within the duct. 

An advemtage of an ^^oxygen scavenging pump" mesuis 
is that the amoxint of the molten metal anode required can 
be minimised, since the saturation wt% limits of oxygen 
within the molten amode metal are no longer the sole 
determining parameter of oxygen uptake by the anode. 



25 



30 



35 



For example, in order to reduce lOg of titania to 
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pure tltsinl\3ia, 1 kg Ag would be required In the absence o£ 
an oxygen scavenging ptoap means to remove substantially 
all of the oxygen from the molten metal anode. Continuous 
removal of oxygen from the molten metal anode facilitated 
5 by the meeois allows the process to be performed 
continuously, as compared with batch processing. 

According to the present invention there is also 
provided a method of electrolytically reducing a metal 
oxide in a solid state in an electrolytic cell, which 
electrolytic cell includes (a) a molten electrolyte, (b) a 
cathode in contact with the electrolyte, the cathode being 
formed at least in part from the metal oxide, and (c) a 
molten metal anode in contact with the electrolye, which 
method includes applying a cell potential across the anode 
and the cathode. 



Preferably the method includes maintaining the 
cell texq>erature above the melting points of the 
20 electrolyte and the metal of the metal anode. 

Preferably the method includes maintaining the 
cell texctperature below the vaporisation and/or 
decomposition tezoperatures of the electrolyte. 

25 

Preferably the method includes applying a cell 
potential above a decomposition potential of at least one 
constituent of the electrolyte so that there are cations 
of a metal other than that of the cathode metal oxide in 
30 the electrolyte. 



Preferably the metal oxide is a titanium oxide. 
It is preferred that the metal oxide be titania. 

35 

In a situation in which the metal oxide is 
titemia it is preferred that the electrolyte be a CaClz- 
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based electrolyte that Includes CaO as one of the 
cons 1 1 tuent s • 

In such a situation It is preferred that the 
5 method includes maintaining the cell potential above the 
decomposition potential for CaO* 

It is also preferred that the method includes 
maintaining the cell potential below the decomposition 
10 potential for CaCl2. 

It is preferred that the method includes 
maintaining the cell potential less than 3.0V. 

15 It is preferred particularly that the method 

includes maintaining the cell potential below 2.5V. 

It is preferred more particularly that the method 
Includes maintaining the cell potential below 2.0V. 

20 

It is preferred that the method includes 
maintaining the cell potential at least 1.5V. 

The following example illustrates an application 
25 of the invention in the process of reducing titania into 
substantially pure titanium using an electrolytic cell 
constructed in accordance with the present invention and 
as illustrated schexoatically in Figure 1. 

30 4. Description of Exemplary Embodiment 

Figure 1 is a schematic Illustration of a 
electrolytic cell that can be scaled-up in application of 
the present invention. 



35 



Whilst the example described below relates to the 
electrolytic reduction of titania, the basic principle is 
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equally applicable to other metal oxides, in particular 
oxides o£ Si, Ge or alloys containing these metals. 

With reference to the figure, the electrolytic 
5 cell 5 includes a graphite-free crucible 10 made of a 

suitable refractory material that is essentially inert as 
regards reaction with the electrolyte and electrode 
materials described below at cell operating tengperatures 
of between lOOO^^C and 1200''C. 

10 

The electrolytic cell further includes a pool 18 
of molten CaCl2 electrolyte within the crucible 10. 

The electrolytic cell 5 further includes a pool 
15 14 of molten silver or copper (within the crucible 10. 
The molten Ag or Cu forms the anode 14 of the cell. In 
view of the different densities, the molten metal anode 14 
is below the molten electrolyte pool 18. 

20 The electrolytic cell 5 further includes a 

titania plate 12 positioned within a cage 12b. The cage 
12b (and therefore the plate 12} is suspended into the 
crucible 10 by means of a lead 12a. This assembly forms 
the cathode 20 of the cell. 

25 

The electrolytic cell 5 further includes a power 
source 16 and electrical connections between the power 
source 16 and the anode 14 and the cathode 20. The 
connections include electrical leads 17 and 12a and a 
30 suitable high- temperature resistant plate member 15, 
preferably of stainless steel, that provides electric 
connection between the interior of crucible 10 (and thus 
anode 14) and the lead 17. 

35 In use, power source 16 provides for constant 

potential (voltage) settings thereby allowing the cell. 5 
to draw the amount of charge required during the 
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electrolytic refining of the metal oxide body at a 
selectable potential. 

The electrolytic cell 5 further includes type B 
5 thermocouples contained in heat-resistant, inert sheaths 
(not illustrated) for monitoring temperature in the molten 
metal anode 14 and the molten electrolyte 18. 

The electrolytic cell 5 further includes a 
10 refractory tube 20 that connects the interior of the 

crucible 10, below the molten metal anode bath level (a), 
with a device for imparting a negative pressure 
differential between anode bath 14 and the head (b) of 
molten Ag suctioned into the tube 20. The pressure 
15 differential need only be slight to provide a driving 
force for diffusion and transport of oxygen that is 
dissolved into the metal anode bath 14 into the tiibe 20 
which is preferably vented to atmosphere. 

20 In use, the above-described electrolytic cell 5 

is positioned in a suitable furnace to maintain the 
electrolyte and the anode metal in their respective molten 
states. The atmosphere around the crucible 10 is 
preferred to be an inert gas, such as argon, that does not 

25 react with the molten electrolyte. 

Once the cell reaches its operating temperature, 
about 1150 to 1200°C, depending on the anode metal 
employed, a constant voltage of around 2.5-3 V is applied 
30 between the cell electrodes 12 and 14, the cell potential 
being above the decomposition potential of CaO in the 
electrolyte but below the decoxoposition potential of CaClar 
whereby reduction of the titania in the cathode is carried 
out as described above. 

35 

The oxygen that passes into the electrolyte 18 is 
subsequently transported to the metal bath anode 14 where 
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it dissolves. The dissolved oxygen then diffuses through 
the molten anode bath 14 under the pressure differential 
imparted through duct 20 and is released as O2 into the 
surrounding atmosphere. 

5 

As will be noted, this transport mechanism is 
effective for as long as oxygen in the molten metal anode 
is below the saturation level. 

10 By way of example, it is noted that other shapes 

and configurations of the titania cathode 20 are equally 
employcible, bearing in mind the need to ensure proper 
electric contact between the power source 16 and the 
titania to be reduced within the cell. 



15 
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CLAIMS : 

1. An electrolytic cell for electrolytic reduction 

of a metal oxide in a solid state, which electrolytic cell 
5 includes (a) a molten electrolyte, (b) a cathode in 

contact with the electrolyte, the cathode being formed at 
least in part from the metal oxide, and (c) a molten metal 
anode in contact with the electrolyte. 

10 2. The electrolytic cell defined in claim 1 wherein 

the metal of the molten metal anode has a relatively high 
saturation level for oxygen at the operating temperature 
of the cell. 

15 3. The electrolytic cell defined in claim 1 or • 

claim 2 wherein the metal of the molten metal anode is 
chosen such that its melting point is within the operating 
temperature ranges of the electrolyte. 

20 4. The electrolytic cell defined in any one of the 

preceding claims wherein the melting point of the metal of 
the molten metal anode is higher than the melting point of 
the electrolyte and lower than the vaporisation and/or 
decomposition temperature of the electrolyte. 

25 

5. The electrolytic cell defined in any one of the 
preceding claims wherein the metal of the molten metal 
anode has a very low solxibility in the molten electrolyte 
at the cell operating temperatures, 

30 

6. The electrolytic cell defined in any one of the 
preceding claims wherein the metal of the molten metal 
anode is silver or copper. 

35 7. The electrolytic cell defined in any one of the 

preceding claixcis further includes a means for removing 
oxygen that has diffused into the molten metal anode from 
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the cell. 

8. The electrolytic cell defined in claim 7 wherein 
the cell oxygen removal means includes a duct that 

5 communicates with the molten metal anode and a device to 
create a partial pressure reduction between the molten 
metal anode and a head of molten metal within the duct. 

9. A method of electrolytically reducing a metal 
10 oxide in a solid state in an electrolytic cell, which 

electrolytic cell includes (a) a molten electrolyte, (b) a 
cathode in contact with the electrolyte, the cathode being 
formed at least in part from the metal oxide, and (c) a 
molten metal anode in contact with the electrolyte, which 
15 method includes applying a cell potential across the anode 
and the cathode. 

10. The method defined in claim 9 includes 
maintaining the cell temperature above the melting points 

20 of the electrolyte and the metal o£ the metal anode. 

11. The method defined in claim 9 or claim 10 
includes applying a cell potential above a decomposition 
potential of at least one constituent of the electrolyte 

25 so that there are cations of a metal other than that of . 
the cathode metal oxide in the electrolyte. 

12 . The method defined in suiy one of claims 9 to 11 
wherein the metal oxide is a titanium oxide. 

30 

13. The method defined in any one of claims 9 to 11 
wherein the metal oxide is titania. 

14. The method defined in any one of claims 9 to 13 
35 wherein the electrolyte is a CaCl2-based electrolyte that 

includes CaO as one of the constituents. 
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15. The method defined in claim 14 includes 

maintaining the cell potential above the decomposition 
potential for CaO. 

5 16. The method defined in claim 14 or claim 15 

includes maintaining the cell potential below the 
decomposition potential for CaClz* 

17* The method defined in claim 14 or claim 15 

10 includes maintaining the cell potential below 3.0V. 

18. The method defined in claim 14 or claim 15 

includes maintaining the cell potential below 2.5V. 

15 19. The method defined in claim 14 or claim 15 

includes maintaining the cell potential below 2.0V. 

20. The method defined in any one of claims 14 to 

includes maintaining the cell potential at least 1.5V. 
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